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ABSTRACT

Studies on running biomechanics and energetics are usually conducted on a treadmill. To ensure that
locomotion on a treadmill is comparable to locomotion overground, participants need to be expert in the
use of the device. This study aimed to identify the number and duration of sessions needed to obtain
stable measurements for spatiotemporal and metabolic parameters in unexperienced treadmill runners.
Fourteen male recreational runners performed three 15-min treadmill running trials in different days at
a submaximal speed. Spatiotemporal and metabolic parameters were registered at minutes: 5, 10, 15 and
their within-trial and between-trial changes were analysed using a two-way repeated measures ANOVA
and Bonferroni post-hoc test. Within-trial differences were found in step frequency (decreased over time),
Step Length and Contact Time (increased), reaching stability at different time points. Ventilator para-
meters increased, reaching stability after 5-10 min, while heart rate increased progressively over time.
The only between-trial differences were an increase in step length and a decrease in step frequency at
min 1, between trials 1 and 3. In conclusion, at least three running trials of 15 min are required to
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familiarize with the device. The last 5 min of the third trial can be regarded as stable measurements.

Introduction

The use of treadmill offers many advantages in studying loco-
motion gait compared to overground running. Speed, slope,
environmental factors can be easily controlled over a wide
number of gait cycles (Lavcanska et al., 2005). For this reason,
studies on running kinematics and energetics usually take place
on a treadmill (McNeill et al., 2015). Moreover, treadmill is
widely used also in rehabilitation and coaching field because
it permits to easily observe and retrain running patterns. The
most diffused types of treadmill are motorised flat treadmill. In
addition, non-motorised devices are also available either with
a flat or a curved surface, that generate distinct dynamic bio-
mechanics and energetic responses compared to motorised
devices (Bruseghini et al., 2019; Montgomery et al., 2016).
Despite the many advantages that treadmills provide, running
on treadmill can be at the beginning an unfamiliar experience,
cause to the narrow belt, the constant visual field, the differ-
ences in perception and, for motorised treadmills, the imposed
velocity (Fu et al,, 2015; Hong et al,, 2012; McNeill et al., 2015;
Sloot et al.,, 2014). Inexperience in the use of treadmill can so
lead participants to modify their natural running gait and may
affect the metabolic responses to exercise (Arnold et al., 2019;
Lavcanska et al., 2005).

Hence, repeated practice may help in developing an adap-
tation to treadmill running (Ogawa et al., 2015). Adaptation
includes a process of familiarization and a process of habitua-
tion: familiarization refers to the within-trial stabilization (short-
term process) of a specific running pattern (Matsas et al., 2000),
while habituation refers to a between-trial stabilization (long-
term process) (Wall & Charteris, 1981).

Habituation, not only familiarization, is a necessary condi-
tion to ensure the validity of both a cross-sectional and
a longitudinal running evaluation on the treadmill.

There are several aspects of running, both related to kine-
matics and energetics, that have been described to change
over repeated treadmill practices; however, investigations
usually focus on either the bioenergetic (e.g., VO2) or the kine-
matic aspects of habituation; finally, the exact timing and
mechanisms of habituation remain to be fully clarified.

With regard to motorised flat treadmills, several studies
describe a distinctive familiarization upon initial exposure
with the treadmill running, which consists of an increased
stride length and a reduced step frequency over time. These
features make treadmill locomotion increasingly more similar
to overground running as habituation proceeds (Schieb, 1986;
van Ingen, 1980). However, most of those studies did not
investigate the time/number of trials needed for these features
of habituation to occur. Only Schieb noted that stride length
and step frequency stabilized either after a minimum of three
training trials, each lasting 15 min, or after a combination of
trials with an accumulated training duration of approximately
45 min (Arnold et al,, 2019). On the contrary, other kinematic
parameters like contact and flight time seem not to be influ-
enced by the habituation process (Schieb, 1986).

The energetic aspects of habituation to treadmill running
have been scarcely evaluated (Morgan et al, 1994, 1991;
Takabayashi et al., 2017). Since the metabolic response to run-
ning is influenced by spatiotemporal parameters such as stride
length and step frequency, it is plausible that the metabolic
adaptation to treadmill running could show similar
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characteristics to kinematic adaptation (Hunter et al., 2017). The
scant data on the variability of the energy cost of treadmill
locomotion over time in runners of unspecified adaptation
suggested that at least 45 min of treadmill practice are needed
for stable measurements of VO, (Brueckner et al., 1991; Morgan
et al, 1994, 1991). However, these relatively dated findings
have not been confirmed in a specifically selected population
naive to treadmill locomotion.

Therefore, we studied the extent and time course of changes
of kinematic and energetic variables resulting from familiarisa-
tion and habituation to the most common type of running
ergometer, i.e, motorised flat treadmill. On the basis of the
previous cited studies, we hypothesise that both the kinematic
and energetic variables stabilise after a minimum of 45 min of
accumulated activity (Morgan et al., 1994, 1991; Schieb, 1986).

Methods

Fourteen male recreational runners were recruited to partici-
pate in the study. Participants’ characteristics are reported in
Table 1. Females were not included in the study because of the
mechanical differences with males in running (Hunter et al.,
2017). Inclusion criteria were at least 4 years of experience in
half-marathon running and a minimum seasonal best on half-
marathon between 1h20" and 2h00'. Exclusion criteria were
treadmill running familiarisation in the last 5 years and the
presence of any musculoskeletal disease or illness, in the last
3 months, that could have influenced the participant’s ability
to run.

This study was approved by the ethical committee of the
Don Gnocchi Foundation and all methods were performed in
accordance with relevant guidelines and regulations of the
institution. Informed consent was obtained from all individual
participants included in the study.

Each participant performed three running trials of 15’ in
a week at a constant speed on a flat motorised treadmill (MTC-
Climb, Runner, Italy). The running speed of each participant
corresponded to that of his seasonal best on the half-marathon.
This workload was assumed to minimize the fatigue factor
which has been shown to affect running mechanics (Hunter
et al., 2017). The three running trials were performed, with
a minimum of 24 h of recovery, each day at the same time of
the day and wearing the same footwear. Participants were
requested not to train in the previous 24 h.

Participants were permitted to use the handrails if they felt
unsafe; however, none of the participants ended up using them
during the tests.

Running analysis was carried out using marker-less optical

system (Optogait, Microgate, Bolzano) to measure
Table 1. Participant demographics.
Variables Mean + SD
Age (years) 33,8 (13,4)
Weight (kg) 70,5 (6,1)
Height (cm) 178,1 (5)
BMI 22,2 (1,7)
Running experience (years) 73)
Runs/week 4(1)
Km of run/week 39 (9)
Best performance on 21 km (km/h) 12,1 (1,0)

spatiotemporal running parameters and a portable ergospiro-
metric device (Oxycon Mobile, Jaeger, Germany) for the meta-
bolic ones. Averages, standard deviation and coefficient of
variation of all data were calculated for the final 30 s of four
time windows (1, 5, 10 and 15 min), for each trial. With regard to
spatiotemporal parameters, 30" of running corresponded at
approximately 80 steps.

The validity and reliability of Optogait system were assessed
by previous studies (Bernal et al., 2016; M. Lee et al., 2014;
M. M. Lee et al., 2014). This device is constituted by two couples
of transmitting and receiving 1-metre bars placed on the sides
of the treadmill tape, at the level of the contact surface, con-
nected to a computer controlled by the researcher. For each
step, the following spatiotemporal running parameters were
recorded: contact time (CT), flight time (FT), step length (SL)
and step frequency (SF) (Garcia-Pinillos et al, 2019; Roche-
Seruendo et al., 2018). These parameters were defined as fol-
lows (Roche-Seruendo et al., 2018):

- CT (s) is the time from the initial foot contact with the
ground to the final lift off the ground of the same foot.

- FT (s) is the time from toe-off to initial foot contact with the
ground of consecutive footfalls.

- SL (cm): was defined as the distance between two conse-
cutive initial foot contacts. This parameter is calculated by
summating the geometrical distance between two consecutive
initial foot contacts and the distance travelled by the treadmill
tape during the flight time (i.e., treadmill speed x FT).

- SF (steps/sec): number of ground contact events
per second.

Optogait software gives the possibility to increase its reliabil-
ity by modifying the filter setting for the identification of gait
events. Default setting of these parameters is often set up on 0_0
(i.e., CT begins when at least 1 LED is activated and finished once
the number of LEDs activated returned to 0), but other setting
configurations can be selected to improve accuracy (1_1, 2_2,
3_3...). Based on pilot testing with concurrent video recording
and in agreement with previous work in a similar setup (M. Lee
et al.,, 2014) we chose to treat our data with a 1_1 filter setting.

The Oxycon Mobile system was used to measure meta-
bolic parameters as previously described (Pasquini et al.,
2015). In brief, runners were connected, through
a mouthpiece and a low dead space valve, to the Oxycon
Mobile’s circuit system, which was calibrated before each
test with gases of known concentration, according to the
manufacturer’s instructions. Oxygen uptake (VO,, ml/min),
respiratory exchange ratio (RER), ventilation (VE) and heart
rate (HR) were recorded using the instrument’s rolling aver-
age filtering (i.e., on 8 breaths and the automatic discarding
of the highest and lowest value of the 8). Data were
exported as 5-s averages and a 30-s average (i.e., 6 data
points) corresponding to the final 30 s of each time window
(rest, 1, 5, 10 and 15 min) was calculated. Metabolic data
were also expressed as net units by subtracting rest values.

Statistical analysis

Normality of the data was checked by visual inspection of the
data and by using the Shapiro-Whilk test. Data resulted nor-
mally distributed. A two-way analysis of variance (ANOVA) with



repeated measures (trial number X time) was used to analyse
the change in running parameters across different trials and
different time points, to detect possible significant influence of
time and/or number of trial on running mechanisms. When
a significant main effect was found, pairwise post-hoc compar-
isons were performed to ascertain which trials/time points were
significantly different from one another. To study familiariza-
tion process (influence of time) it was observed which time
points did not show significant within-day differences with the
min 15; habituation (influence of number of trials) was verified
if there were no significant between-day differences in time
points (Roche-Seruendo et al., 2018). Statistical differences
were deemed as significant when p < 0.05. Effect-size was
calculated using partial-eta square (n2) (Cohen, 1973). A small
effect was considered if values were =0.01 and < of 0.06,
medium if >0 of 0.06 and <0.14 and large if = of 0.14 (Cohen,
1973).

Data were analysed using SPSS 21.0 (IBM SPSS Statistics,
Chicago, IL).

Results

The group average of the absolute metabolic parameters as
a function of time is summarised in Figure 1. Spatiotemporal
and metabolic parameters within and between trials are sum-
marised in Figures 2 and 3. In Figure 3, the net values of the
metabolic parameters are displayed, to emphasise the possible
differences within and between trials, above the resting base-
line. Significant within-trial differences were observed for spa-
tiotemporal and metabolic parameters, with the exception of
FT. An increase in the mean value of the SL and CT and
a decrease in the mean value of SF were observed from min 1
onward, in each trial. Both SL and SF were significantly different
at min 1 and 5 compared to min 15 in all trials. P values for SL
were 0.002 for trial 1 (T1), 0.003 for trial 2 (T2) and 0.023 for trial
3 (T3). P values for SF were 0.004 for T1, 0.044 for T2 and 0.015
for T3. In addition, for both variables in T1 min 10 differed
significantly by min 15 (p = 0.002 for SL and p = 0.019 for
step frequency) and in T2, min 15 showed a significant increase
in SL compared to min 10 (p = 0.006). Effect size was large for all
variables (SL n? = 0.552, SF n? = 0.560). CT showed lower values
compared to min 15 at min 1 T1 (p = 0.001), and at min 1 and 5
in T2 (p < 0.001 and p = 0.012). Effect size was large (n* = 0.642).
Coefficient of variation (CV) of all spatiotemporal parameters
did not change significantly with time.

All the metabolic parameters were significantly lower at min
1 compared to min 15, in all the trials (p < 0.0001). HR was
significantly lower compared to values at min 15 at all the time
point of each trial too, with the exception of T2 where min 5
and 10 did not show significant differences with min 15.In T1
and T2, p of min 5 vs 15 was less of 0.001 and p of min 10 vs
15 =0.008. In addition to what observed between min 1 and 15,
VO, was significantly lower at min 5 vs 15 in T3 (p = 0.001), and
VE in all the three trials. Differences within-trial were also
observed for the CV of VO,: min 1 was significantly different
to min 15 in all the trials (p < 0.0001). Effect size was large for all
metabolic parameters in every trial (VO, n> = 0.918, HR
n® = 0.853, RER n? = 0.927, VE n? = 0.940, CV VO, n? = 0.923).
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Significant between-trial differences were found in the spa-
tiotemporal parameters, but not in the metabolic ones and in
the CV of VO,. In fact, SL and SF were significantly different
between day 1 and day 3 at min 1, being 2.7 cm shorter and
0.05 stride/s higher, respectively (p = 0.031 and p = 0.04). Effect
size was large for all variables (SL n? = 0.169, SF n = 0.158).

Discussion

The purpose of this study was to establish the extent and time
course of the changes of kinematic and energetic variables of
treadmill running resulting from familiarisation (i.e., short-term,
within-trials adjustment) and habituation (i.e., longer term,
between-trial adaptation). In particular, we aimed at identifying
the minimum number and duration of trials needed to obtain
stable measurements for all the running parameters in experi-
enced runners, naive to motorised flat treadmill locomotion.
The main finding of the study was that at least three 15-min
running trials are needed to obtain stable measurements of all
spatiotemporal and metabolic parameters, even if not all of
them were equally affected by within and between adaptation
processes.

In agreement with previous work (Cavanagh & Williams,
1982; Schieb, 1986), within-trial adaptation was observed for
all the spatiotemporal parameters with the exception of FT. SF
decreased while SL and CT increased over the first 5-10 min of
the trials. A different number of trials were necessary to obtain
stable measures (i.e., no difference between min 1, min 5, min
10 and min 15) for the different parameters. Only one condi-
tioning trial plus a 5-min duration were necessary to obtain
a stable CT. Regarding SL and step frequency, the values mea-
sured in the first minute of the first trial were both markedly
different from the values prevailing in the successive time
windows and trials. This finding is in agreement with Van
Ingen Schenau, who described an apprehension to treadmill
running upon initial exposure, which resulted in a more cau-
tioned running state with an initial shortened SL and a higher
SF (Hong et al,, 2012); the above finding suggests that at least
5 min is necessary to allow the initial within-trial adaptation to
occur during treadmill locomotion. Thereafter, one condition-
ing trial and a 10-min duration were necessary to obtain
a stable SF while two trials and a 10-min duration were neces-
sary for SL adaptation.

Lavcanska and Arnold, in two different studies about within-
trial adaptation to treadmill running of kinematic parameters,
indicate a shorter time of training needed to reach stability in
a single trial, comprise between only 6 and 8 min (Lavcanska
et al., 2005; Montgomery et al., 2016). Such discordance in the
time may be a result of the considerable variability in study
methodologies and in the characteristics of the population
studied.

In particular, factors such as the level of treadmill and run-
ning experience of participants, the sampling rate of the gait
analysis systems used and the number of data collected during
trials may be influential (Arnold et al., 2019; Cavanagh &
Williams, 1982; McNeill et al., 2015). Runners studied in
Lavcanska are younger and more trained which may contribute
to a faster familiarization to new running conditions (Lavcanska
etal,, 2005). Moreover, the number of steps analysed was barely
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Figure 1. Row data of metabolic parameters during the three trials, as a function of time. The three trials conducted in different days have been appended and
displayed in a single time line to facilitate direct comparison: min 1-15 = trial 1; min 15-30 = trial 2; min 30-45 = trial 3.

at the limit of the recommendations (i.e., 10 steps vs 80 steps
recorded in our study) while the sampling rate of the motion
capture system was 60 Hz vs the currently recommended
150 Hz. These features may have affected the accuracy and
precision of measures and increased the likelihood of false-
negative results (i.e., earlier within-trial familiarisation due to
lack of difference vs end-trial values).

Among the factors that could affect the pattern of adapta-
tion to treadmill locomotion, our study did not directly measure
vertical stiffness (Kvert) over time and trials. This parameter
describes the vertical motion of the centre of mass during the
contact phase and appears to be correlated to running perfor-
mance, running economy and injury risk (Dutto & Smith, 2002;
Pappas et al., 2014; Taylor & Beneke, 2012). Using the equation

proposed by Morin et al. (Morin et al., 2005), we estimated the
Kvert from CT, FT and the body mass of the participant. Based
on these indirect estimates, the adaptation pattern of Kvert was
similar to those seen for CT, i.e., it was influenced only by
within-trial time and not by the number of trials performed.
Future studies should focus their attention also on this mechan-
ical parameter and on the forces generated during running on
the main segments of the lower body. This might give a more
comprehensive understanding of the adaptive mechanism of
biomechanical patterns during treadmill running.

As expected, the metabolic parameters displayed a delayed
increase over time, that reflects the very well-known delayed
adjustment of cardiorespiratory variables at the onset of
a constant load exercise (Capelli et al, 2011). In agreement



AT3
A T2
ATI

AT3 A T2 -
A T2

éﬂ
130 4

125 ~

120 ~

115 ~

Step Length (cm)

105 A

100 T T T

Time (min)

0,30 1
AT3
0,29 1

0281 |

0,27 A

0,26 A

Contact time (s

0,25 -

0,24 -

0,23 -

0,22 T T T

Time (min)

JOURNAL OF SPORTS SCIENCES (&) 5

AT3
A T2 A
ATI

vs min 15
3,1 1

29 1

(15xd33s) Aouanbauy daig

2,7 1

2,6 T T T

Time (min)

0,09 ~

Flight time (s)

0,08 ~

0,07 1 L -

0,06 T

Time (min)

Figure 2. Significant differences between time and trials for spatio-temporal parameters. T1 - trial 1; T2 - trial 2; T3 - trial 3.

with previous studies from our group (Adami et al., 2011),
stable measures were reached for ventilatory parameters
within 5-10 min from exercise onset for all trials. On the con-
trary, HR continued to increase over time throughout the trials.
This phenomenon is compatible with the appearance of the so-
called “slow component of HR”, i.e., a slow increase of HR
occurring at about 120-180 s into exercise, possibly also in
absence of a slow component of VO, (Zuccarelli et al., 2018).
The lack of literature about the adaptation of metabolic para-
meters to treadmill running makes it difficult to compare the
results of the current study with other researches. The few
existing studies investigated the repeated practice of treadmill
running in a sample of children or used a body-weight-
supported treadmill (Cavanagh & Williams, 1982; McNeill
et al, 2015).

With regard to between-trial adaptation, except for the
already mentioned fast adjustment of SF and SL during min 1
between T1 and T3, all the spatiotemporal parameters did not
change at any time point between trials. Results are in agree-
ment with Schieb et al., reporting that experienced over
ground runners, new to treadmill, showed significant between-
day differences for SF and SL only in the very first minute of
exercise (Schieb, 1986). Shortened and accelerated running gait
is a strategy used to maintain stability when ambient perturba-
tions, such as treadmill running for unaccustomed runners, take
place (Latt et al.,, 2008; Lim et al., 2017; Schiitte et al., 2016). Our
study was the first to evaluate the within-participant variability
of VO, at 5, 10 and 15 min into exercise, over successive trials at
identical speed. For the single speed evaluated in our study,
VO, at a given time point was highly consistent between trials
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Figure 3. Significant differences between time and trials for metabolic parameters. T1 - trial 1; T2 - trial 2; T3 - trial 3.

(within-participant  coefficient of variation equal to
0.047 + 0.004, 0.050 + 0.006 and 0.044 + 0.006, respectively,
at min 5, min 10 and min 15). Therefore, contrary to our
hypothesis, habituation showed by SL and SF between T1 and
T3 at min 1 was not coupled with a decrease in VO, between
trials.

The above finding suggests the following: (i) the speed of
adjustment of oxidative metabolism at exercise onset is unaf-
fected by habituation to treadmill running; (ii) the amplitude of
the habituation-induced changes in the kinematic parameters
is not large enough to affect the energy cost of movement at
the single speed evaluated in our study. Deviations of at least
+8% from the preferred SL have been reported to increase
oxygen consumption during submaximal running on treadmill
(Brueckner et al., 1991). However, the between-trial difference

in SL observed in our sample is not as large to determine
significant differences in VO,, even if values at T3 are lower
compared to T1 and T2. It may be hypothesized that a fourth
trial could show an ulterior and significant decrease in meta-
bolic measures.

Generalization of results about adaptation to treadmill run-
ning should be done with caution as the time and number of
trials needed might be quite specific among different
populations and running conditions (Cavanagh & Williams,
1982; Schieb, 1986). Age, running experience, running velocity,
type of shoes or barefoot conditions are factors supposed to
influence adaptation time (Arnold et al., 2019; Lavcanska et al.,
2005; McNeill et al.,, 2015; Ogawa et al., 2015; Schieb, 1986). Like
suggested in previous studies, the adaptation process of inex-
perienced over ground runners would make an interesting



successive study to this analysis of experienced over ground
runners who were novice treadmill performers. The hypothesis
is that inexperienced runners would probably exhibit a longer
period of cautioned or apprehensive running (Agresta et al.,
2019; Schieb, 1986). Furthermore, in spite of well-known differ-
ences in running responses depending on treadmill type
(Bruseghini et al., 2019), there is a lack of information about
running adaptation on either flat or curved, non-motorised
devices. Future researches are needed to investigate the adap-
tation processes of biomechanical and energetics parameters
on different treadmill types.

In conclusion, the current study has important practical
implications. Usually, researches on running biomechanics
and energetics are performed doing a few minutes of familiar-
ization to treadmill before the test, but without any concern
about the actual number of minutes needed to that specific
population or the necessity to perform more than one training
trial. In this study, it has been observed that familiarization and
habituation processes affect spatiotemporal and metabolic
parameters, in a different way depending on the considered
variable. When studying run in recreational runners novice to
motorised, flat treadmill, it is fundamental to perform at least
three running trials of 15 min and to consider the last 5 min. It
cannot be excluded that in a fourth trial the running pattern
may stabilize faster and that HR could reach a steady state too.
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